Carvedilol is the first-line drug for the primary prophylaxis of variceal bleeding due to portal hypertension (PHT) in liver cirrhosis. This study aimed to investigate the effects of carvedilol on intrahepatic angiogenesis and sinusoidal remodeling in cirrhotic rats and explore the underlying mechanisms of carvedilol in PHT.
Background
Liver cirrhosis has been recognized as a serious problem worldwide that notably affects patients' quality of life. Portal hypertension (PHT) is the most common and severe complication in patients with liver cirrhosis, resulting in severe clinical consequences, such as variceal bleeding [1, 2] . Fortunately, great advances have been made in the physiopathology of liver cirrhosis and PHT. The prime determinant of PHT is increased intrahepatic vascular resistance (IHVR), which is caused by structural distortions and functional factors [3] [4] [5] [6] [7] . Structural factors including restructuring of the vasculature account for approximately 70% of the increase in IHVR in liver cirrhosis [3, 8, 9] . Vasculature restructuring includes intrahepatic angiogenesis and vascular remodeling, which are strongly associated with the progression of liver cirrhosis, IHVR and PHT [3, 8, 10] . Angiogenesis is defined as the growth of new vessels from existing ones, while the initial and most remarkable vascular remodeling occurs within hepatic sinusoids and has been referred to as sinusoidal remodeling [8] . The most prominent characteristic of sinusoidal remodeling is "capillarization" with the formation of organized basement membranes due to the deposition of matrix proteins in hepatic sinusoids [6] . Endothelial cells and cytokines play important roles in sinusoidal remodeling. In response to injuries, liver sinusoidal endothelial cells (LSECs) contribute to the formation of basement membranes by producing several types of matrix proteins including fibronectin (FN) [11] [12] [13] . Transforming growth factor b1 (TGFb1) stimulates FN synthesis in LSECs [12, 14] . Multiple molecules such as members of the Smad family, phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT), and extracellular signal-regulated kinase (ERK), are involved in TGFb1 signaling pathways [15, 16] .
Nonselective beta-blockers (NSBBs) are the first-line pharmacological treatment of PHT [17] . Carvedilol is a novel NSBB with additional anti-a 1 -adrenergic activity and is more effective than traditional NSBBs (propranolol and nadolol) for the primary prophylaxis of variceal bleeding [18] . Recently, several studies in the cardiovascular field found that carvedilol could improve vascular structural remodeling [19] [20] [21] . Our previous study confirmed that carvedilol inhibited angiogenesis in vitro [22] . Therefore, we speculated that carvedilol could alter the intrahepatic vasculature in liver cirrhosis. We established a rat model of liver cirrhosis to investigate the effects of carvedilol on intrahepatic angiogenesis and sinusoidal remodeling. In vitro, we explored the mechanisms underlying the effect of carvedilol on sinusoidal remodeling.
Material and Methods

Animals
Forty male Wistar rats (180 g to 205 g) were obtained from the Central Animal Care Facility of Shandong University (Jinan, China). All rats were housed in the Laboratory Animal Center in Shandong Provincial Hospital affiliated with Shandong University. All rats were maintained in a temperature-controlled environment under a 12-hour light/dark cycle and had free access to food and water. All experimental procedures and protocols were approved by the Animal Medical Ethics Committee of Shandong Provincial Hospital affiliated to Shandong University (Shandong China).
Carbon tetrachloride (CCl 4 )-induced liver cirrhosis rat model
Liver cirrhosis was induced by intraperitoneal injection of CCl 4 (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) for 9 weeks as previously described [23] . Rats were randomly divided into 3 groups. Group 1 (n=10) was the control group; rats were injected (intraperitoneal) with olive oil (0.5 mL/kg) twice weekly. Group 2 (n=15) was the CCl 4 -treated group; rats were injected (intraperitoneal) with a mixture of CCl 4 and olive oil (CCl 4 : olive oil=1: 1, v/v; 0.1 mL/100 mg body weight) twice weekly. Group 3 (n=15) was the CCl 4 +carvedilol-treated group; rats were given CCl 4 in the same manner as rats in Group 2 and were concurrently co-treated with 10 mg/kg carvedilol (Qilu Pharmaceutical Company, Jinan, China) by gavage daily. In parallel, rats in Groups 1 and 2 were administered the same volume of saline by gavage daily.
Cell culture
Human umbilical vein endothelial cells (HUVECs) were obtained from ATCC (Manassas, VA, USA) and cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 100 mg/mL streptomycin, and 100 U/mL penicillin at 37°C in a humidified incubator with 5% CO 2 .
HUVECs were treated with or without the TGFb1 and different reagents. Carvedilol was purchased from Sigma-Aldrich (Saint Louis, MO, USA). Recombinant human TGFb1 was obtained from PeproTech (Rocky Hill, NJ, USA). The inhibitors PD98059 and SIS3 were both purchased from MedChem Express (Monmouth Junction, NJ, USA).
Measurement of portal pressure
After anesthesia induction by intraperitoneal injection of pentobarbital (30 mg/kg), the rats received a laparotomy to expose the portal vein. A PE-50 catheter was inserted into the 8291 [24] . The pressure measurement lasted for 1 minute. The average value was used as the final portal pressure value. After data acquisition, the rats were sacrificed.
Immunohistochemistry
We used a Polink-2 plus Polymer-Horseradish Peroxidase (HRP) Anti-Rabbit IgG Detection system (Zhongshan Golden Bridge, Beijing, China) for the immunohistochemistry analysis. The procedure was performed according to the manufacturer's instructions. Paraffin-embedded liver slides were deparaffinized and rehydrated. Heat-mediated antigen retrieval was performed with Tris/EDTA buffer, pH 9.0. After blocking the endogenous peroxidase activity, the slides were incubated with CD31 primary antibody (Abcam, Cambridge, UK; ab182981, 1: 500) at 4°C overnight. Following incubation with a specific secondary antibody at 37°C for 30 minutes, the slides were developed by incubation with diaminobenzidine (DAB). Then, the slides were counterstained with hematoxylin and visualized under a light microscope (OLYMPUS BX63F, Tokyo, Japan). The negative control sections were incubated with phosphate-buffered saline (PBS) instead of CD31 primary antibody. The expression of CD31 was quantified by ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Transmission electron microscopy
The medial lobe of the liver was cut into small blocks and fixed in 0.1 M phosphate buffer (pH 7.4) containing 2.0% glutaraldehyde for 4 hours. Then, the blocks were fixed in osmium for 4 hours. After dehydration in a graded series of alcohols, the specimens were embedded in Spurs resin and sectioned. Five samples from each group were examined with a transmission electron microscope (JEOL-1200EX, Japan) at 15 000× magnification.
RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from the treated HUVECs using the TRIzol reagent (Takara Biotechnology Co., Ltd., Dalian, China). A PrimeScript™RT reagent Kit (Takara Biotechnology) was used for reverse transcription according to the manufacturer's instructions. A SYBR Premix Ex Tap Kit (Takara Biotechnology) was used for amplification. The qRT-PCR reaction was conducted with a LightCycler 480 Real-Time PCR system (Roche Diagnostics, USA). The expression level of target genes was calculated using the 2 -DDCT method and normalized to that of glyceraldehyde phosphate dehydrogenase (GAPDH). The primer sequences used are as follows: FN forward, 5'-GATAAATCAACAGTGGGAGC-3' and reverse, 5'-CCCAGATCATGGAGTCTTTA-3'; GAPDH forward, 5'-GCACCGTCAAGGCTGAGAAC-3' and reverse, 5'-TGGTGAAGACG CCAGTGGA-3'.
Protein extraction and western blot analysis
HUVECs were seeded into 6-well culture plates. After treatment, the M-PER™ Mammalian Protein Extraction reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used for protein extraction. Protein concentrations were measured using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocol. Equal quantities of protein (50 μg) were separated by 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to microporous polyvinylidene fluoride (PVDF) membranes (EMD Millipore, MA, USA). After being blocked in 5% skimmed milk at room temperature for 1 hour, the membranes were incubated with primary antibodies at 4°C overnight and then incubated with HRP-conjugated goat anti-rabbit or anti-mouse IgG secondary antibodies (Zhongshan Golden Bridge, Beijing, China) for 1 hour at room temperature. The bands were detected via enhanced chemiluminescence using an Amersham Imager 600 (GE Healthcare, USA). The expression of target proteins was normalized to that of GAPDH. The primary antibodies used include the following: anti-FN (ab2413, 1: 1000), anti-total Smad2 (ab40855, 1: 2000), and anti-phospho-Smad3 (ab52903,1: 2000), which were purchased from Abcam (Cambridge, UK); anti-total AKT (#4691, 1: 1000), anti-phospho-AKT (#4060, 1: 1000), anti-total-p44/42 MAPK (t-ERK1/2, #9102, 1: 1000), anti-phospho-p44/42 MAPK (p-ERK1/2, #9101, 1: 1000), antitotal Smad3 (#9523, 1: 1000), anti-phospho-Smad2 (#3108, 1: 1000), and anti-GAPDH (#5174, 1: 1000), which were purchased from Cell Signaling Technology (Bedford, USA).
Statistical analysis
All data are expressed as means ± standard deviation (SD). SPSS Statistics 20.0 (SPSS Inc., IBM, Armonk, NY, USA) was used for the statistical analyses. Multiple comparisons were analyzed by one-way ANOVA followed by Dunnett's test. Statistical significance was accepted at P<0.05.
Results
Carvedilol reduced portal pressure in cirrhotic rats
As shown in Figure 1A , the portal pressure of rats in the CCl 4 -treated cirrhotic group was markedly higher than that of rats in the control group (P<0.01), while concurrent treatment with carvedilol reduced the elevated portal pressure in cirrhotic rats (P<0.05). The results indicated that carvedilol effectively reduced the portal pressure in cirrhotic rats.
Carvedilol inhibited intrahepatic angiogenesis in cirrhotic rats
Intrahepatic angiogenesis was assessed by examining the expression of CD31, a marker of vascular endothelial cells. Immunohistochemical analysis showed normal angioarchitecture in the livers of control rats, in which CD31 was expressed in the endothelium of the vessels and along the hepatic sinusoids. The livers of CCl 4 -treated cirrhotic rats exhibited abnormal vascular structures with an increasing number of vessels of varying diameter, while the disorganized vascular network in the livers of CCl 4 +carvedilol-treated rats was significantly improved ( Figure 1B ). Semiquantitative analysis of CD31 expression showed that the livers of CCl 4 -treated cirrhotic rats exhibited a higher CD31 expression level than those of control rats (P<0.01), and concurrent treatment with carvedilol ameliorated the increased CD31 expression induced by CCl 4 (P<0.01) ( Figure 1B, 1C) . The results supported that carvedilol inhibited abnormal intrahepatic angiogenesis in cirrhotic livers.
Carvedilol alleviated sinusoidal remodeling in cirrhotic rats
The formation of basement membranes on the basal side of LSECs in the space of Disse was examined by transmission electron microscopy. The livers of control rats showed no obvious deposition of matrix proteins in the perisinusoidal space of the hepatic parenchyma, and LSECs lacked basement membranes.
In the liver tissues from CCl 4 -treated cirrhotic rats, the formation of complete basement membranes was observed on the abluminal surface of LSECs due to the excessive and abnormal deposition of matrix proteins in the space of Disse ( Figure 1D ). Administration of carvedilol decreased the abnormal deposition of matrix proteins induced by CCl 4 in the space of Disse, and the basement membranes on the basal side of LSECs in the livers of CCl 4 +carvedilol-treated rats were discontinuous and unapparent ( Figure 1D ). The results demonstrated that carvedilol alleviated sinusoidal remodeling in cirrhotic rats.
Carvedilol inhibited TGFb1-induced FN synthesis in HUVECs
After incubation with various concentrations of TGFb1 for 24 hours, the protein and mRNA expression levels of FN in the TGFb1-treated group were significantly upregulated compared to those of the control group (P<0.05 and P<0.01, respectively) (Figure 2A, 2B) . The cells were pretreated with carvedilol for 2 hours before incubation with 10 ng/mL TGFb1 for 24 hours. As shown in Figure 2C and 2D, pretreatment with 5 and 10 µM carvedilol reduced the TGFb1-induced upregulation of FN protein and mRNA (P<0.05 and P<0.01, respectively).
Carvedilol inhibited the TGFb1/Smads and ERK pathways in HUVECs
After stimulation with TGFb1 for different time intervals, the expression levels of phosphorylated ERK, Smad2, and Smad3 were significantly upregulated compared to those of the control group (P<0.05 and P<0.01, respectively) ( Figure 3B-3D ), 
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while no change was found in the expression of phosphorylated AKT (P>0.05) ( Figure 3A) . The cells were pretreated with carvedilol for 2 hours before TGFb1 stimulation for 0.5 hours. As shown in Figure 4 , pretreatment with carvedilol at 5 µM and 10 µM decreased TGFb1-induced phosphorylation ERK, Smad2 and Smad3 (P<0.05 and P<0.01, respectively). The results suggested that the Smads and ERK pathways were involved in TGFb1-induced FN synthesis in HUVECs. 
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Carvedilol suppressed TGFb1-induced FN synthesis in HUVECs through inhibition of the TGFb1/Smads pathway The effects of PD98059 (a potent inhibitor of ERK, 10 µM) and SIS3 (a selective inhibitor of Smad3, 10 µM) on TGFb1-induced FN synthesis were investigated. After incubation with TGFb1 for 24 hours, the expression of FN was significantly increased compared to that of the control group (P<0.01), while co-treatment with PD98059 did not alter FN expression (P>0.05) ( Figure 5A ). As demonstrated in Figure 5B , TGFb1 upregulated the expression of FN compared to the control group (P<0.01), while co-culture with SIS3 almost completely prevented this effect (P<0.01). The results suggested that carvedilol suppresses TGFb1-induced FN synthesis by targeting the TGFb1/Smads pathway.
Discussion
The present study shows, for the first time, that carvedilol ameliorates intrahepatic angiogenesis, sinusoidal remodeling, and portal pressure in cirrhotic rats. In the in vitro study, carvedilol improved sinusoidal remodeling by inhibiting FN synthesis of endothelial cells by targeting the TGFb1/Smads pathway.
In recent years, studies have revealed that PHT is a consequence of complex processes including intrahepatic angiogenesis and sinusoidal remodeling [6] [7] [8] 25] . Many disordered, newly formed vessels bypass hepatic sinusoids in response to the structural distortion of the liver, which increases the IHVR to portal blood flow [25] . Healthy livers have a low density of matrix proteins in the space of Disse, and LSECs lack a basement membrane in the endothelium [13] . In the early stage of liver fibrosis, the excessive matrix proteins are deposited on the basal side of LSECs and form continuous basement membranes. This pathogenetic sinusoidal remodeling disables the transport and exchange of nutrients from the lumen of the hepatic sinusoid to the space of Disse and weakens the adaption of LSECs to the increased resistance to blood flow [13] . Multiple tyrosine kinase receptor inhibitors, such as sorafenib and sunitinib, reduce portal pressure and markedly reduce intrahepatic 
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inflammation, fibrosis, and angiogenesis in cirrhotic and portal hypertensive rats [26, 27] . Atorvastatin inhibits angiogenesis and decreases portal pressure in cirrhotic (bile duct ligation; CCl 4 intoxication) rats [28] . Improvement of hepatic sinusoidal capillarization can decrease the portal vein pressure in thioacetamide-induced cirrhotic rats [8, 29] . These studies highlighted that pharmacologic interventions targeting angiogenesis and sinusoidal remodeling could reduce portal pressure in portal hypertensive and cirrhotic animal models. Our previous study confirmed that carvedilol exhibits an antiangiogenic effect in vitro [22] . The present study demonstrated that carvedilol inhibits intrahepatic angiogenesis and sinusoidal remodeling in cirrhotic rats, accompanied by a decrease in portal pressure. We speculate that carvedilol reduces portal pressure partly through improvement of angiogenesis and sinusoidal remodeling.
FN is an important component of matrix proteins because it forms a continuous layer in the space of Disse [30] . As the most potent profibrogenic cytokine in the liver, TGFb1 stimulates FN synthesis in LSECs during the early stage of liver injury [12, [31] [32] [33] . TGFb1 can activate the Smad-dependent pathway and induce activation of Smad-independent pathways such as ERK, c-Jun N-terminal kinase (JNK), p38 mitogenactivated protein kinase (p38 MAPK), and PI3K/AKT [15, [34] [35] [36] . The Smad-dependent pathway is the most important; after stimulation by TGFb1, Smad2 and Smad3 are phosphorylated, and the 2 phosphorylated Smads, along with Smad4, form a heterotrimeric complex that translocates into the nucleus and regulates the expression of target genes [15, 36] . Recently, several studies have examined the molecular mechanisms of pharmacologic interventions on TGFb1-induced FN synthesis.
KMUP-1 attenuates TGFb1-stimulated FN protein expression by decreasing Smad2/3 phosphorylation in mesangial cells [37] . Inhibition of aldose reductase prevented TGFb1-stimulated FN via suppressing PI3K/AKT/GSK3b in human primary airway epithelial cells [38] . Here, we first demonstrated that carvedilol effectively inhibits TGFb1-induced FN synthesis in HUVECs. Importantly, we provided adequate evidence that the TGFb1/Smads pathway plays a key role in the carvedilolinduced inhibition of FN production in HUVECs. Our study is consistent with the results of Lin et al. study [37] and does not contradict the results of Yadav et al. study because completely different cells were used.
Conclusions
The present study is the first to demonstrate that carvedilol ameliorates intrahepatic angiogenesis, sinusoidal remodeling, and portal pressure in cirrhotic rats. The results indicated that the improvements in intrahepatic vascular structure are in part involved in the mechanisms of carvedilol with regard to PHT. This study provided experimental evidence that reagents targeting angiogenesis and sinusoidal remodeling could reduce portal pressure. Our research strongly supports the idea that the application of carvedilol for liver cirrhosis could be extended beyond the pharmacological treatment of PHT. We propose that carvedilol may be used in the treatment of early-stage liver cirrhosis.
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